Characterization of photoreceivers for LISA 
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LISA will use quadrant photoreceivers as front-end devices for the phasemeter measuring the 
motion of drag-free test masses in both angular orientation and separation. We have set up a 
laboratory testbed for the characterization of photoreceivers. Some of the limiting noise sources 
have been identified and their contribution has been either measured or derived from the measured 
data. We have built a photoreceiver with a 0.5 mm diameter quadrant photodiode with an equivalent 
input current noise of better than 1.8pA/\/Hz below 20 MHz and a 3dB bandwidth of 34 MHz. 
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I. INTRODUCTION 

The Laser Interferometer Space Antenna (LISA) is a 
planned gravitational wave observatory in the frequency 
range of O.lmHz-lOOmHz that consists of three space- 
craft separated by 5 million km in a nearly equilateral 
triangle whose center follows the Earth in a heliocentric 
orbit with an orbital phase offset of 20 degrees. Gravi- 
tational waves will be detected as distance fluctuations 
between test masses moving along geodetic trajectories 
that are located in different spacecraft. LISA will re- 
quire low power ultra-low noise photoreceivers for pre- 
cision inter-spacecraft heterodyne laser interferometry. 
Quadrant photoreceivers will be used to measure the test 
mass motion with a sensitivity of Snrad/vHz in angu- 
lar orientation and lOpm/vHz in displacement over the 
frequency range of 0.1 mHz-100 mHz [T]. The laser beam 
at the transmitting spacecraft will have a diameter of 
approximately 40 cm and an output laser power at the 
telescope of the order of 1 W. Given the laser beam prop- 
agation over 5 x 10^ m and accounting for losses on the 
beam path, from the remote optical signal approximately 
50 pW will be detected on the entire quadrant photore- 
ceiver. LISA will use heterodyne laser interferometry (see 
Figure fTl) for the inter-spacecraft displacement measure- 
ment. The incoming weak signal will optically interfere 
with a stronger local oscillator Plo- The combined sig- 
nal P{t) measured at the photoreceiver can be expressed 
as 



P{t) = Plo + P< 

Poc- DC powcr~ Pi, 



LO -r r-sig + ^\JPlO Psig COS (ACJ t + if), 



Pac- heterodyne signal 



(1) 

where Aw is the frequency difference between the inter- 
fering laser beams (heterodyne frequency), and Lp is the 
interferometer phase containing the gravitational wave 
information. Both ports of the beamsplitter will be 
measured by quadrant detectors. Their combined infor- 
mation can also be used for common-mode rejection of 
laser amplitude noise. The main task of the photore- 
ceiver development is to maintain nearly shot-noise lim- 
ited performance over a measurement bandwidth from 



2-20 MHz Pl El . This frequency range is driven by the 
Doppler induced frequency variations of the optical beat 
note signal due to the LISA constellation armlcngth 
changes, given by the orbits of each spacecraft. The 



~1 mW Local Oscillator 



-100 pW 
incoming signal 



Photoreceiver #2 




Quad detector 
~ 1mm DIA 

Photoreceiver #1 

Quad detector + 

4x amplifiers 




= P.«-2V^V^cos(A?>)+P„^, 

= Pio + '^'^^g cos( A(p ) + P,ig 
> photo = P'P 



FIG. 1. Descriptive diagram of laser heterodyne interferomet- 
ric detection. 



local oscillator power P^o can be adjusted, according 
to the required photoreceiver performance. To reduce 
power consumption, temperature gradients at the opti- 
cal bench due to hot spots at the photoreceivers, and to 
provide additional design margin, we aim for a low-noise 
wide-bandwidth photoreceiver development operating at 
low Plo levels. Using 0.5 mW local oscillator optical 
power on the entire quadrant photoreceiver (of the order 
of 100 ^W per quadrant), and assuming a responsivity p 
of 0.7 A/W for InGaAs photodiodes at a laser wavelength 
of 1064 nm, the shot-noise isN can be computed as 



ISN 



= ^2epPDc « lOpA/Vlz 



(2) 
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Allocating 30% of the shot-noise level -SpA/vHz- to 
the input current noise contribution of a quadrant pho- 
toreceiver, and considering this is the quadrature sum of 
the current noise of the individual quadrants, we set an 
input current noise goal of 1.5pA/-\/lIz for the single- 
quadrant photoreceiver transimpedance amplifier (TIA). 



II. PHOTODETECTOR TRANSIMPEDANCE 
AMPLIFIER 

We have chosen a conventional DC-coupled TIA topol- 
ogy with a single ultra-low noise / wide-bandwidth oper- 
ational amplifier (op-amp), as shown in Figure l2J 




FIG. 2. Topology and noise model of photoreceiver TIA. 



A. Noise model 

For the TIA topology shown in Figure [2] two main 
input current noise sources have been identified in the 
electronics: 

• Johnson noise (?,/) from feedback resistor Rf. 



^J 



\AkT 



(3) 



where k is the Boltzmann's constant, and T is the 
temperature (in Kelvin). 

• Op-amp noise properties: The current i„ and volt- 
age e„ noise properties of the op-amp contribute to 
the total TIA input current noise. 

— The op-amp current noise i„ sums directly to 
the TIA input. 

— The op-amp voltage noise e„ translates to cur- 
rent noise at the TIA input itiaH) over the 
input and feedback impedances as 



iriAif) = e, 



^l + {2nfRfCT) 



R 



f 



(4) 



where / is the frequency, and Ct is the total 
circuit capacitance 



Ct — Cd + Cf + C, 



^op 



a 



(5) 



including the photodiode capacitance Cd, 
feedback impedance C/, op-amp common- 
mode input capacitance Cop, and stray capac- 
itances Cg from the board, components and 
packaging. 



The bandwidth BW of the photoreceiver can be esti- 
mated as 



BW 



I GBWP 
2TTRf Ct ' 



(6) 



where GBWP is the gain-bandwidth product of the op- 
erational amplifier. The total TIA input current noise 
^noisc(/) model can be expressed as 



=(/) = v^ 



^T + ^hAif)■\\TFif)\\, (7) 



where ||T_F(/)|| is the normalized TIA transfer function, 
iriAif) is a frequency dependent component of the input 
current noise (see Equation El), and it is the quadrature 
sum of various contributors that can be approximated 
by neglecting their frequency dependency for modeling 
purposes. For example, the expected current noise it in 
the photoreceiver shown in Figure [2J can be computed as 



It 



+ ii + i 



d' 



(8) 



where in is the op-amp current noise, ij is the Johnson 
noise of the feedback resistor Rf (see Equation |3| , and 
id is the shot- noise from the photodiode dark current. It 
can be seen from Equation [5] that the photodiode capac- 
itance and the op-amp common-mode input capacitance 
are crucial factors in the total noise budget. The chal- 
lenge for the photodiode manufacture lays in achieving 
a minimum capacitance per unit area while maintaining 
high responsivity and low leakage if reverse-biased. For 
the TIA electronics, it is necessary to identify an op-amp 
with minimal common-mode input capacitance, current 
and voltage noise, and a gain-bandwidth product large 
enough to maintain the required sensitivity over the re- 
quired measurement bandwidth of 2-20 MHz. 



III. PROTOTYPE PHOTORECEIVERS 

A. Collaboration with industry 

Under a Small Business Innovation Research (SBIR) 
grant, the company Discovery Semiconductors has devel- 
oped a large-area quadrant photodiode (QPD) of 1 mm 
diameter and a quadrant capacitance of 2.5 pF when 
reverse-biased at 5V. A first fully integrated quadrant 
photoreceiver (Figure Isj QPD -I- TIA electronics) per- 
forms with an equivalent input current noise of less than 
3.2 pA/\/Hz below 20 MHz g]. The characteristics of this 
prototype quadrant photoreceiver are: 

• Diameter of 1 mm with a 20 /im inter-quadrant gap. 

• Individual quadrant capacitance Crf = 2.5pF when 
reverse-biased at 5V. 

• Dark current: 140 nA when reverse-biased at 5 V. 



• Responsivity at 1064 nm: 
ficiency of 0.8). 

• TIA characteristics: 



0.7 A/W (quantum ef- 



— feedback impedance: Rf — 51 kfl, Cf — 
0.1 pF. 

- op-amp ADA4817: e„ = 4nV/\/Hz, 
i„ = 2.5fA/\/i^, Cop=:1.4pF, 
GBWP= 410 MHz. 

Discovery Semiconductors has been awarded a second 
stage grant to further develop quadrant photoreceivers. 
Given the successful development of a large-area low- 
capacitance QPD in the first step, the next stage will 
be focused on the noise reduction of the electronics, e.g. 
by integrating op-amps with better noise properties and 
studying alternative TIA topologies. We expect to re- 
ceive additional devices with lower noise electronics at a 
later date. 




FIG. 3. Photograph of a prototype quadrant photoreceiver 
manufactured by Discovery Semiconductors. 



B. Laboratory prototypes 

Working in parallel with Discovery Semiconductors to 
try to understand the noise and bandwidth trade-offs in 
more detail, we have identified the ultra-low noise / high- 
bandwidth op-amp EL5135 from Intersil [5^ with the fol- 
lowing nominal noise properties: 



e„ = 1.5nV/VHz, i„ = 0.9pA/VHz, Cp^lpF, 
GBWP^ 1500 MHz. 

A significant reduction in the op-amp voltage noise to- 
gether with the bandwidth enhancement (given by the 
higher GBWP) were the main factors considered for 
selecting the EL5135 for laboratory prototype photore- 
ceivers. Despite the higher op-amp current noise i„ of the 
EL5135 compared to the ADA4817 (mentioned above), 
the lower voltage noise e„ of the EL5135 enables us to 
achieve significantly better performance over the entire 
bandwidth from 2-20 MHz. The penalty is somewhat 
higher noise at low frequencies. According to Equation [Tj 



the term ix (corresponding to the quadrature sum of var- 
ious current noise contributions, including the op-amp 
current noise i„) dominates at lower frequencies, while 
the frequency dependent term ixiA (consisting of the op- 
amp voltage noise e„ swing across the total equivalent 
TIA impedance) becomes the dominant noise contribu- 
tion at higher frequencies. 

We have designed a TIA with a feedback impedance 
Rf — 40kf7, Cf = 0.1 pF, and an expected bandwidth 
of 40 MHz (according to Equation [6]). We have built two 
different prototype boards to test the noise properties of 
a TIA with the EL5135 op-amp: 

• GAP500Q photoreceiver board: we have cho- 
sen the commercially available QPD GAP500Q 
from GPD Optoelectronics [Ij with a diameter 
of 0.5 mm and a responsivity of approximately 
0.7 A/W (quantum efficiency of 0.8) at 1064 nm. 
When reverse-biased at 5 V, this device has a nom- 
inal quadrant capacitance Cc; = 2.0pF and a dark 
current of 2.0 nA, according to the manufacturer. 
The purpose of this investigation is to operate the 
TIA electronics with a photodiode that approxi- 
mates the per-quadrant capacitance and package 
parasitic capacitance of the larger area Discovery 
Semiconductors detector. 

• Mock-up TIA board: we have built a board for 
controlled noise investigations of the TIA perfor- 
mance, shown in Figure l4] 
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FIG. 4. Schematics of TIA mock-up board for noise measure- 
ments and frequency response measurements. 

This board has two inputs: 

1. input 1: an input capacitor (2.4 pF) of simi- 
lar quadrant capacitance is used to replace the 
photodiode. For noise measurements, this in- 
put can be grounded while maintaining input 
2 open. 

2. input 2: this is used to measure the expected 
photoreceiver transfer function (TF) by inject- 
ing a signal (maintaining input 1 open), and 
scaling it accordingly by the feedback gain 
(40k). The equivalent input current noise can 



be obtained, by dividing the output voltage 
noise by the scaled transfer function. 

The GAP500Q photodiode was reverse-biased with a bat- 
tery power supply at 5 V, and the op-amps in both cir- 
cuits were driven with a power supply at ±5 V. 



IV. PERFORMANCE MEASUREMENTS OF 
PROTOTYPE PHOTORECEIVERS 

We operated the photoreceiver using only one quadrant 
of the GAP500Q QPD with the EL5135 op-amp for the 
TIA electronics. The photoreceiver output voltage noise 
Vnif) is given by 



VM) = TF{f) ■ V^*|^+*|^(/), 



(9) 



where isN is the photocurrent shot-noise of the incident 
light, TF{f) is the photoreceiver transfer function, and 
isNif) is the equivalent input current noise of the TIA 
electronics. Operating under dark conditions, the pho- 
toreceiver output voltage noise VenH) is given by 



VEN{f)^TFif)-iEN{f), 



(10) 



By dividing Equations [9|and[l0| 7i, we obtain that the in- 
put current noise of the TIA electronics can be computed 
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FIG. 5. Input current noise measurements of photoreceiver 
prototypes. The dashed trace is the photoreceiver with one 
quadrant of the GAP500Q QPD and the EL5135 op-amp TIA. 
The solid trace is the mock-up test board (see Figure |4|. The 
dashed-dotted trace is the photoreceiver noise model for a TIA 
design with an EL5135 op-amp and a quadrant capacitance of 
2.5 pF (Equations [7|. The traces with crosses and circles show 
the corresponding photoreceiver noise models using parameter 
values obtained from a fit to the data. The dotted trace is 
the equivalent current noise floor of the RF spectrum analyzer 
used as measurement instrument, referred to the input by the 
TIA transfer function. The thick solid traced is our TIA input 
current noise goal of 1.5pA/vHz in the measurement band 
2-20 MHz. 
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For equivalent input current noise measurements, we 
used a light-emitting diode (LED) at a center wavelength 
of 1050 nm (±50 nm) [8] as shot-noise- limited light source. 
We measured the GAP500Q photoreceiver output volt- 
age noise with {Vn{f)) and without (Ve7v(/)) LED light, 
operating at two different optical power levels of 90 fxW 
and 60 /iW that are representative for the expected nom- 
inal 100 /iW per quadrant. These measurements showed 
equivalent input current noise levels i_EAr(/) that did 
not scale with the DC optical power level (90 /iW and 
60 /iW) . This also shows that the measured current noise 
*-EAf(/) upon subtraction of the shot- noise contribution, 
is not dependent on the optical power, which is consis- 
tent with a shot-noise behavior of the light source. 
We also measured the output voltage noise and the trans- 
fer function {TF{f)) of our mock-up TIA board (see Fig- 
ureHl. Analogous to Equation 10 the input current noise 



can be computed by referring the output voltage noise 
(upon subtraction in quadrature of the RF spectrum an- 
alyzer voltage noise floor) to the input dividing by the 
transfer function. Figure [5] shows the noise measure- 
ments. The GAP500Q photoreceiver reaches a level of 
about 1.5pA/-\/Hz up to ~10MHz, increasing at higher 
frequencies. It exceeds the noise goal by approximately 



20% (l.SpA/yHz) at 20 MHz. The mock-up TIA cir- 
cuit meets our noise goal over the entire bandwidth (2- 
20 MHz), however, it shows noise in excess of the model. 
At lower frequencies the equivalent input noise is deter- 
mined by excess current noise (ix'- assumed to have no 
frequency dependence. Equation^ I, while at higher fre- 
quencies, the increasing slope is dominated by the op- 
amp voltage noise swing across the total circuit capaci- 
tance {in A'- dependent on frequency. Equation B|. We 
run a set of measurements in order to determine some of 
the involved unknowns: 

1. op-amp voltage noise (e„): we measured the op- 
amp voltage noise on a separate sample of the 
EL5135, by driving the op-amp as a voltage follower 
with grounded input. A low- noise lOx amplifier in 
series with the op-amp output was necessary for 
a voltage noise measurement above the spectrum 
analyzer noise floor. The voltage noise level mea- 
sured was e„ = 2.1nV/\/lIz at 10 MHz, which is 
significantly higher than the specified 1.5nV/vHz. 

2. photodiode and feedback capacitances (Cd, C/): 
using a LCR-bridge impedance measurement in- 
strument, we measured the photodiode quad- 
rant capacitance Cd on a separate sample of the 
GAP500Q to be 3.2 pF with a 5V reversed bias. 



which is higher than the nominal 2pF. We also 
measured the capacitor Cd of the mock-up board 
and the feedback capacitor C/ to be 2.2 pF (nomi- 
nally 2.4 pF) and 0.1 pF, respectively. 

These noise properties are higher than specified and may 
account for part of the excess noise. A direct measure- 
ment of the op-amp current noise in, the op-amp input 
capacitance Cop, and the stray capacitances Cs of the 
circuit involve the development of dedicated electronic 
boards (currently on-going) for well-controlled measure- 
ments. These measurements will be conducted at a later 
stage. However, it is possible to obtain an estimate of 
these values by fitting them as parameters of the noise 
model (Equations [t] and [s]) to the two measured data 
sets. The noise level difference (offset) in the data of 
the GAP500Q photoreceiver and the mock-up TIA is an 
indicator of a significant excess current noise contribu- 
tion, ix, present in the photo- measurement and not in 
the measurement of the mock-up TIA. This can also be 
included into the fit by considering the following non- 
frequency dependent contributions ix (Equation ^ for 
each case: 

GAP500Q photoreceiver : 

Mock - up TIA : 

^Tmu = V^l + «j- (13) 

The capacitance values Cd and C/ are assumed to be 
known from the LCR-bridge measurements. We also as- 
sume similar op-amp and board noise properties (e„, i„, 
Cop + Cs) for the two circuits. From the fit, we obtained 
an op-amp current noise of i„ ~ 1.1 pA/vHz (about 20% 
higher than nominal 0.9 pA/v Hz) and a combined stray 
plus op-amp input capacitance Cop -I- Cg « 1.3 pF (IpF 
nominal Cop)- We also fit a common op-amp voltage 
noise for the two data sets to be e„ w 1.9nV/vHz, 
which is comparable (within < 10%) to the indepen- 
dent measurement (2.1nV/-\/Hz), but about 25% higher 
than nominal (l.SnV/vHz). Table nl summarizes the 
current best estimates (CBE) of the photoreceiver noise 
properties. The excess current noise contribution, ix, 
present in the GAP500Q photoreceiver data was deter- 
mined to be of the order of ix ~ 0.7pA/-\/Hz. We have 
reversed-biased the photodiode with a battery power sup- 
ply, therefore, noise on the bias voltage translating to ex- 
cess current noise is not the cause. Additional tests are 
required to determine the origin of this contribution. 



V. CONCLUSIONS AND OUTLOOK 

We have presented the results of noise measurements 
conducted on different photoreceiver prototypes. The 
measurements showed approximately 20% noise in excess 



of our goal between 10-20 MHz. Direct measurements of 
the op-amp voltage noise and the reverse-biased QPD 



J- t^f 

parameter 


nominal CBE 


method 


Ca [pF] 


2.0 


3.2 


measured 


e„ nV/\/Hz 


1.5 


1.9 


fit 


in pA/VSz 


0.9 


1.1 


fit 


Cop + Cs [pF] 


1.0 


1.3 


fit 


ix pA/\/Hz 


- 


0.7 


fit 



TABLE I. Noise parameters: comparison between nominal 
values and current best estimates (CBE). 



quadrant capacitance evidenced noise levels higher than 
nominal, accounting for part of the excess noise at higher 
frequencies. By fitting the parameters of the noise model 
to the data, we obtained estimates for the combined stray 
plus op-amp input capacitance and the op-amp current 
noise z„ , which was determined to be approximately 20% 
higher than nominal. Significant excess current noise 
(50% of total) ix was determined between photoconduc- 
tive (GAP500Q photoreceiver) and electronic (mock-up 
TIA) noise measurements. Additional testing is required 
to determine its origin. The measured photoreceiver per- 
formance is of the order of 1.5 pA/-\/Hz below 10 MHz, in- 
creasing up to 1.8pA/-\/Hz at 20 MHz with a 3dB band- 
width of 34 MHz. However, the mock-up TIA performs at 
a level of 1.35pA/VlIz below 20 MHz (10% higher than 
expected from the nominal model) with a measured 3 dB 
bandwidth of 38 MHz. This suggests a significantly bet- 
ter performance of a real photoreceiver with the current 
TIA design, depending upon clarification and, if viable, 
mitigation of the excess current noise ix ■ In addition, as 
following steps, we plan to conduct spatial scanning of 
the photodiode surfaces, measurement of inter-quadrant 
cross-talk, and differential wavefront sensing angle mea- 
surements. 
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